INTRODUCTION
Rhizobia are useful bacterial resources because of their symbiotic nitrogen-fixing ability. They form nodules on roots, and occasionally on stems, of many leguminous plants and reduce N # to ammonia, which can be used by the host plants. In the last two decades, the classification of rhizobia has developed rapidly, mostly by the application of polyphasic taxonomy and by the continual investigation of rhizobial resources. At the time of writing, 31species have been described within six genera : Allorhizobium (de Lajudie et al., 1998b) , Azorhizobium (Dreyfus et al., 1988) , Bradyrhizobium (Jordan, 1984 ; Kuykendall et al., 1992 ; Xu et al., 1995) , Mesorhizobium (Jarvis et al., 1982 (Jarvis et al., , 1997 Chen et al., 1991 Chen et al., , 1997 Nour et al., 1994 Nour et al., , 1995 de Lajudie et al., 1998b ; Wang et al., 1999) , Rhizobium (Amarger et al., 1997 ; van Berkum et al., 1998 ; Chen et al., 1997 ; Jordan, 1984 ; Lindstro$ m, 1989 ; Martı! nez-Romero et al., 1991 ; Segovia et al., 1993 ; Wang et al., 1998) and Sinorhizobium (Chen et al., 1988 ; de Lajudie et al., 1994 ; Rome et al., 1996) . Azorhizobium and Bradyrhizobium are phylogenetically divergent from the other rhizobia. The remaining genera, Allorhizobium, Mesorhizobium, Rhizobium and Sinorhizobium, are closely related to each other and they are intermingled with plant-pathogenic bacteria belonging to the genus
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Agrobacterium and non-symbiotic bacteria within the genus Ensifer (Casida, 1982) . A novel group of rootnodule bacteria was recently identified as belonging to Methylobacterium (Sy et al., 2001) . Although most of the defined root-nodule bacteria are members of the α-subclass of the Proteobacteria, novel taxa of rootnodule bacteria, Ralstonia taiwanensis (Chen et al., 2001) and Burkholderia sp. (Moulin et al., 2001) , have been reported, both being members of the β-Proteobacteria.
Legumes in the genera Indigofera and Kummerowia are annual or perennial wild plants. Most of them are drought-tolerant and they are held in high esteem as foliage, green manure crops or in preventing soil erosion (Allen & Allen, 1981) . Kummerowia species are used as herbal medicine in China for treating diarrhoea and fever. These plants form root nodules but their microsymbionts have not been characterized systematically. The north-western Loess Plateau region of China, including the provinces of Shaanxi, Gansu and the Autonomous Region of Ningxia, is located in a temperate zone with a semi-arid climate and soils poor in organic matter. During the summer of 1992, we obtained some rhizobial isolates from different plants and different geographical areas in a survey of rhizobial resources in these regions. Previously, we have characterized isolates from Amorpha fruticosa, Glycyrrhiza, Gueldenstaedtia and other genera according to their geographical or host origin Tan et al., 1999) . Considering the potential value of Indigofera and Kummerowia in agriculture and reforestation and the unknown taxonomic position of the rhizobia associated with them, we decided to characterize isolates from Indigofera and Kummerowia plants in these regions with a polyphasic approach. The aims of the research were to check the diversity and to classify the isolates by both phenotypic and genetic methods.
METHODS
Isolates and strains. The isolates and reference strains used are listed in Table 1 . The 21 isolates from Indigofera spp. and 27 isolates from Kummerowia stipulacea were fast-growing rhizobia that formed single colonies with diameters of 2-3 mm within 3 days on YMA. Rhizobia were isolated from fresh nodules collected from plants growing in the field by the standard method on YMA medium (Vincent, 1970) . Single colonies were picked and checked for purity by repeated streaking and by microscopic examination. Nodulation with the original host plant of each isolate was checked in glass tubes, half-filled with vermiculite, as described by Vincent (1970) . The temperature in the greenhouse was kept at 23 mC during the day and 12 mC during the night, with illumination of 10 000-20 000 lux for 14 h day − ".
Phenotypic characterization and numerical taxonomy. A total of 136 phenotypic features, covering utilization of sole carbon and nitrogen sources, resistance to antibiotics, tolerance of dyes and chemicals, tolerance of different concentrations of NaCl, temperature and pH ranges for growth and some physiological and biochemical reactions were examined as described previously (Gao et al., 1994) in order to characterize the isolates and strains. The simple matching coefficient S sm and UPGMA (Sneath & Sokal, 1973) were used for clustering analysis of phenotypic features. The mean similarity for each isolate within a cluster was estimated to present the phenotypic variation in the cluster, as described previously, and the isolate with the highest mean similarity was chosen as the central isolate or representative for the cluster (Sneath & Sokal, 1973) . Generation time of the isolates was determined spectrophotometrically (Yelton et al., 1983) in YM broth (Vincent, 1970) .
SDS-PAGE of whole-cell proteins. Methods described previously were used for soluble protein extraction, SDS-PAGE and scanning of the protein patterns using an Extra-Scanner densitometer (LKB). Jaccard's coefficient (S j ) and UPGMA (Sneath & Sokal, 1973) were used for cluster analysis.
PCR-based RFLP of 16S rRNA genes. Procedures described previously (Wang et al., 1998) were used for PCR amplification of complete 16S rRNA genes with the universal forward primer P1 and the universal reverse primer P6 , for digestion of the PCR products with restriction endonucleases MspI, HinfI, HaeI and RsaI and for separation of the digested fragments in 3n0 % agarose gels. Primer P1 (5h-CGggatccAGAGTTTGATCCTGGTC-AGAACGCT-3h) corresponds to positions 8-37 and primer P6 (5h-CGggatccTACGGCTACCTTGTTACGACTTCA-CCCC-3h) corresponds to positions 1479-1506 in the Escherichia coli 16S rDNA (Willems & Collins, 1993 ; Yanagi & Yamasato, 1993) . Lower-case letters indicate the BamHI restriction site.
Amplification, cloning and sequencing of 16S rDNA. This study was performed only for representative isolates of the novel clusters. Full-length 16S rRNA genes (1500 bp) were amplified from isolates by PCR in a 100 µl reaction mixture using primers P1 and P6. Amplified 16S rDNA was purified from 0n8 % low-melting-point agarose gel by the method of Wieslander (1979) . Purified rDNA and plasmid vector pUC18 were restricted with BamHI and ligated at 14 mC for 16 h. Ligated plasmids were transformed into E. coli DH5α and transformants were selected using the blue\white screening procedure (Sambrook et al., 1989) . Plasmids containing 16S rDNA were extracted and purified according to the methods of Tiesman & Rizzino (1991) . Purified plasmids were sequenced using an ABI377 automatic sequencer (Applied Biosystems). Two independent clones of PCR-amplified 16S rRNA genes from each isolate were sequenced.
Sequence analysis and reconstruction of the phylogenetic tree. The 16S rRNA gene sequences obtained and those of related bacteria obtained from GenBank were aligned using the  program in the Wisconsin package (Genetics Computer Group, 1995) . Sequence similarities and a phylogenetic tree were generated and bootstrapped with 1000 subsamples using   version 1.7 (Thompson et al., 1994) . The tree was visualized by using the program TreeView (Page, 1996) .
Estimation of DNA GjC content and DNA-DNA relatedness.
DNAs were extracted and purified by the method of Marmur (1961) . DNA base composition was determined using the thermal melting protocol (De Ley, 1970) and using E. coli K-12 as standard. Levels of DNA relatedness were determined by the initial renaturation rate method .
Cross-nodulation tests. Standard methods were used (Vin- Jordan (1982) cent, 1970). Plants were grown in pots filled with vermiculite moistened with N-free plant nutrient solution (Vincent, 1970) . Nodulation and nitrogen fixation were observed after 1 month. Nodulation by representatives of the novel groups was tested on selected recommended legumes 
RESULTS

Phenotypic characterization and numerical taxonomy
In the phenotypic characterization, none of the strains or isolates tested used adipate, dextrin, inulin, starch, sorbitol, syringic acid, -arginine, -methionine or -threonine as a sole carbon source. All strains were sensitive to 50-300 µg kanamycin ml −" and 100-300 µg (Sneath & Sokal, 1973) were used for the clustering analysis of 102 variable features. Clusters were defined at the similarity level of 85 %.
neomycin ml −" . No strain could grow in medium supplemented with gentian violet (0n1 %), methylene blue (0n1%) or 4n0 or 5n0 % NaCl. No strain grew at pH 4n0 or at 4 or 40 mC. No 3-ketolactose was produced. All strains were resistant to the following antibiotics (µg ml −" ) : ampicillin (5), bacitracin (5-300), chloramphenicol (5), erythromycin (5 and 50), neomycin (5), polymyxin (5) and streptomycin (5). All strains grew in medium supplied with bismark brown (0n1 %), congo red (0n1 %), erythrosin (0n1 %), neutral red (0n1 %), sodium deoxycholate (0n1 %), sodium nitrite (0n1 %) or NaCl (1n0 and 2n0 %) and at pH 9n0 and 10n0.
A total of 102 variable features were used for numerical taxonomy. Based on the results of cluster analysis, the isolates formed two clusters while the reference strains were grouped according to species (Fig. 1) . Eight of the nine isolates from Indigofera spp. formed cluster 1 and eight of the ten isolates from K. stipulacea were grouped into cluster 2 (Fig. 1) . The other isolates were single branches. The distinctive phenotype features for cluster 1 and 2 are presented in Table 2 . Some important aspects of the two clusters are described below.
Cluster 1 consisted of eight fast-growing isolates from three host species within the genus Indigofera (Indigofera amblyantha, Indigofera carlesii and Indigofera potaninii). The mean similarity for the isolates ranged from 83 % in the case of CCBAU 71260 to 97 % in the case of CCBAU 71042 T ; the latter isolate was chosen as the central isolate for the cluster. Colonies were 2-3 mm in diameter after 2 days on YMA at 28 mC. All the isolates in this cluster produced acid in YMA.
Cluster 2 contained seven isolates from K. stipulacea. The mean similarities ranged from 82 to 96 %. Isolate CCBAU 71714 T was the central isolate. They were fast-growing, acid-producing bacteria with generation times of 2n0-3n0 h in PY broth. No growth was observed in Luria-Bertani broth for these isolates.
SDS-PAGE of whole-cell proteins
In order to increase the number of strains in clusters 1 and 2 and to investigate the genetic relationships among the isolates and defined species, we performed SDS-PAGE analysis of whole-cell proteins. The grouping results from the protein patterns (Fig. 2) were generally correlated with those from the numerical taxonomy (Fig. 1) . The similarities of the protein patterns ranged from 88 to 96n5 % in cluster 1 and 82 to 97 % in cluster 2. The similarities between different clusters or the type strains for defined species were lower than 79 %. The number of isolates was increased to 20 in cluster 1 (from Indigofera spp.) and to 25 in cluster 2 (from K. stipulacea).
PCR-RFLP of 16S rRNA genes
Based on the grouping results in numerical taxonomy, isolates CCBAU 71042 T , CCBAU 71385 and CCBAU 71064, representing cluster 1, isolates CCBAU 71714 T , CCBAU 71327 and CCBAU 71713, representing cluster 2, and reference strains for defined species were chosen for PCR-RFLP of 16S rRNA genes. The representative isolates of clusters 1 and 2 gave highly similar patterns, but one or two bands were different within each cluster. Differences were observed between the patterns of isolates from the two clusters and the defined species (not shown). In a cluster analysis of the RFLP patterns, cluster 1 grouped with Rhizobium species and cluster 2 fell in the genus Sinorhizobium (not shown). Two novel rhizobial species from China Phenons are identified as : 1, R. etli (n l 2) ; 2, R. leguminosarum (n l 2) ; 3, R. tropici (n l 2) ; 4, R. galegae (n l 2) ; 5, R. hainanense (n l 2) ; 6, S. fredii (n l 2) ; 7, S. meliloti (n l 2) ; 8, S. terangae (n l 1) ; 9, S. saheli (n l1) ; 10, cluster 1 (n l 8) ; 11, cluster 2 (n l 7). Numbers given in the 
from two clones of each isolate were identical. Isolate CCBAU 71042 T grouped with Rhizobium species, most similar to Rhizobium gallicum and Rhizobium mongolense (Fig. 3) . The 16S rDNA sequence similarity between isolate CCBAU 71042 T and R. mongolense 
Fig. 2.
Dendrogram showing the grouping results of SDS-PAGE patterns of whole-cell proteins extracted from the bacterial strains. The electrophoretic patterns were scanned by densitometer by using the S j coefficient and UPGMA (Sneath & Sokal, 1973) as described by Tan et al. (1997) . Clusters and defined species were separated at the similarity level of 82 %.
and Rhizobium hainanense I66 T was respectively 97n9, 97n7, 95n5, 95n4, 96n2, 95n8 and 96n3 %. Isolate CCBAU 71714 T grouped within the Sinorhizobium phylogenetic branch, most related to Sinorhizobium xinjiangense and Sinorhizobium fredii. The 16S rDNA sequence similarity between isolate CCBAU 71714 T and S. xinjiangense CCBAU 110 T , S. fredii USDA 205 T , Sinorhizobium medicae USDA 1037 T , Sinorhizobium meliloti USDA 1002 T , Sinorhizobium saheli LMG 7837 T and Sinorhizobium terangae LMG 7834 T was respectively 98n4, 98n5, 97n7, 97n8, 98n2 and 96n6%. The phylogenetic relationships among the species of the genera Agrobacterium, Allorhizobium, Azorhizobium, Bradyrhizobium, Mesorhizobium, Rhizobium and Sinorhizobium in our reconstructed tree (Fig. 3) were similar to those in trees reported previously de Lajudie et al., 1994 de Lajudie et al., , 1998a Tan et al., 1997 ; Wang et al., 1998 Wang et al., , 1999 .
DNA GjC contents and DNA-DNA hybridization
These experiments were designed according to the results presented above. The results of DNA GjC content estimation and DNA-DNA hybridization are shown in Table 3 . Full details of the GjC contents and DNA-DNA relatedness of the individual novel isolates are available as supplementary material in IJSEM Online (http :\\ijs.sgmjournals.org\). The DNA GjC contents for the isolates from clusters 1 and 2 were respectively 59n0-62n0 mol % and 59n1-61n8 mol %, which is in the range for Rhizobium (Jordan, 1984) and Sinorhizobium. The DNA-DNA relatedness among the isolates of each cluster was higher than 80 % : within cluster 1 the range was 80n6-94n9 % (mean 88n2 %) and for cluster 2 the range was 83n7-94n0 % (mean 89n1 %). DNA-DNA relatedness between the representative isolate of cluster 1 (CCBAU 71042 T ) and reference strains for Rhizobium species was 29n5-48n9 %. Low DNA relatedness (5n2-41n7 %) was obtained between isolate CCBAU 71714 T , representing cluster 2, and reference strains for Sinorhizobium species (Table 3) .
Symbiotic performance
The isolates of clusters 1 and 2 were able to nodulate both of the plants from which they were isolated. 
DISCUSSION
In this study, we characterized 21 nodule isolates from Indigofera and 27 nodule isolates from Kummerowia species from the north-western Loess Plateau of China by means of a polyphasic approach. Two main clusters, 1 and 2, were obtained among the isolates by numerical taxonomy based on phenotypic characterization (Fig.  1) . The grouping results from SDS-PAGE of proteins (Fig. 2) , analysis of DNA-DNA relatedness (Table 3) and PCR-based RFLP of 16S rRNA genes supported the results of numerical taxonomy and indicated that these two clusters were also two genomic groups or species. We concluded that cluster 1 was a member of Rhizobium and cluster 2 was a member of Sinorhizobium based upon the comparative analysis of 16S rRNA gene sequences (Fig. 3) . By analysis of DNA-DNA relatedness (Table 3 ), these two groups were different from related species in the genera Rhizobium and Sinorhizobium.
It is interesting that 20 isolates from Indigofera spp. and 24 isolates from K. stipulacea formed two groups, but they could share their host plants under laboratory Sequences were aligned using PILEUP. The phylogenetic tree was reconstructed and bootstrapped with 1000 subsamples using CLUSTAL W version 1.7 (Thompson et al., 1994) . TreeView was used for visualizing the tree. Bootstrap values greater than 50 % are indicated at the branching points. Bar, 5 % base substitution.
conditions. This observation may indicate that the host plant prefers some rhizobia for nodulation in nature. A similar situation was also observed among the rhizobia that nodulate Sesbania herbacea. Seedlings of S. herbacea can nodulate with other rhizobia within the genera Mesorhizobium, Rhizobium and Sinorhizobium when Rhizobium huautlense, the natural microsymbiont for this plant, is absent (Wang & Martı! nez-Romero, 2000) . Based on these results, we think that the original host(s) should be an important feature for description of the species and that they are more valuable for classification than cross-nodulation results under laboratory conditions. Based on all the results, we propose two novel species, Rhizobium indigoferae sp. nov. for the cluster 1 isolates and Sinorhizobium kummerowiae sp. nov. for the cluster 2 isolates, according to the current criteria for description of new rhizobial species .
Description of Rhizobium indigoferae sp. nov.
Rhizobium indigoferae (in.di.gohfe.rae. N.L. gen. n. indigoferae of Indigofera, a genus of leguminous plants, referring to the host from which the bacterium was isolated).
Cells are aerobic, Gram-negative, non-spore-forming rods that are 0n4-0n7i1n5-2n6 µm. Colonies are 2-3 mm in diameter after 2 days at 28 mC and produce acid in YMA. Generation time is 2n2-3n8 h in PY broth. Can grow on YMA in the presence of 2n0% NaCl. No growth at 4 or 40 mC. Optimum pH is 6n5-7n5 ; no growth at pH 5n0. Uses dulcitol, (j)-galactose, -mannose, sodium citrate, salicin, sucrose, xylose and -asparagine, but not -arabinose, calcium malonate or tartrate as sole carbon sources. Uses -cysteine, but not glycine or -valine as a sole nitrogen source. Sensitive to 100 µg kanamycin and chloramphenicol ml −" and 300 µg streptomycin ml −" . No strain can grow in medium with acridine hydrochloride (0n1 %) or methyl green (0n1 %). Methylene blue reduction and nile-blue reduction are negative. Strains have been isolated from Indigofera spp. The DNA GjC content is 59n0-62n0 mol% (T m ).
The type strain is strain CCBAU 71042 T (l AS 1.3054 T ). Its generation time is 2n6 h and its DNA GjC content is 60n1 mol% (T m ).
Description of Sinorhizobium kummerowiae sp. nov.
Sinorhizobium kummerowiae (kum.me.rohwi.ae. N.L. gen. n. kummerowiae of Kummerowia, a genus of leguminous plants, referring to the host from which the bacterium was isolated).
Cells are aerobic, Gram-negative, non-spore-forming rods that are 0n3-0n6i1n8-3n0 µm. Colonies are 2-3 mm in diameter after 1-2 days at 28 mC and produce acid in YMA. Generation time is 2n0-3n0 h in PY broth. Sensitive to 3n0% (w\v) NaCl in YMA. No growth at 4 or 40 mC. Optimum pH is 6n5-7n5; no growth at pH 5n0. Uses dulcitol, -asparagine and glycine, but not -amygdalin, -arabinose, calcium malonate, lactose, tartrate, -ribose, sodium -gluconate, trehalose, -mannose or sodium citrate as sole carbon sources. Uses -glutamic acid but not -cysteine or -valine as a sole nitrogen source. Not sensitive to 100 µg ampicillin, chloramphenicol or erythromycin ml −" . No strain can grow in medium with acridine hydrochloride (0n1 %) or methyl green (0n1 %). No growth in Luria-Bertani broth. Strains have been isolated from Kummerowia stipulacea. The DNA GjC content is 59n1-61n8 mol% (T m ).
The type strain is strain CCBAU 71714 T (l AS 1.3046 T ). Its generation time is 2n2 h and its DNA GjC content is 61n6 mol% (T m ).
